Molecular recognition of simple sugars is crucial due to their essential roles in most living organisms. However, it remains extremely challenging to achieve a visual recognition of simple sugars like sucrose in water media under physiological conditions. In this article, the visual recognition of sucrose is accomplished by a chiral supramolecular hydrogel formation through the co-assembly of a two-component fibrous solution (l-phenylalanine based gelator co-diaminopyridine, LDAP) and sucrose. H-bonding between the amino group of LDAP and the hydroxyl group of sucrose facilitates the gelation by loading sucrose into the LDAP solution. The formed hydrogel showed an amplified inversion of circular dichroism (CD) signals as compared to the corresponding LDAP solution. In addition, the effective chirality transfer was accompanied by a bathochromic shift in UV-Vis and FL spectra of the gel. Such a simple and straightforward chiral co-assembled strategy to visually recognize sucrose will have the potential use of smart gelators in saccharides separation and proteomics to be further applied in medical diagnostics and cell imaging.
Introduction
Molecular recognition of simple sugars has been an ongoing field of research for the past few decades [1, 2] . Numerous processes at the cellular level, ranging from protein folding to disease development are mediated by a sugar based molecular information system [3] . However, a little knowledge is there about the essential aspects of sugars and molecular recognition of simple sugars (mono and disaccharides) like sucrose in water media. Sucrose, a common table sugar [4] , usually gets reduced to glucose and fructose upon digestion leading to high glucose level, which in turns may cause diabetes and other high sugar level disease like blood sugar spike [5, 6] . Consequently, the recognition of sucrose and the study of the behavior by sugar molecules in water under physiological conditions are highly in demand.
Simple sugars are uncharged, highly hydrophilic and possess no potential chromophores, leading to a difficulty in analyzing them by spectroscopic or electrochemical techniques [7, 8] . To date, there are two main types of receptors developed for sugar recognition, (1) boronic acid-sugars covalent interactions based via pH control [9] [10] [11] , (ii) receptors-sugar non-covalent interactions based [12] [13] [14] . Although a lot of earlier researches for detection of sugars have made progress [3, [15] [16] [17] [18] [19] , there is scarcely any report on how to visually recognize sucrose and study the behavior of simple sugars in water media under physiological conditions.
Recently, the principle of chirality transfer in hybrid hydrogels has been developed for molecular recognition of structural isomers [20] . Inspired by this finding, a sucrose triggered chiral supramolecular assembly containing l-phenylalanine based gelator (LPF) [21] , and diaminopyridine (DAP) is rationally designed to address the challenge of visual recognition. The solution of LPF and DAP mixture (LDAP) can be observed to transfer into stable hydrogel when the loading ratios of sucrose was 0.05-7 mM (Scheme 1). Interestingly, four other tested sugars (glucose, maltose, galactose, and fructose) could not form gel with LDAP because of unmatchable interaction between these sugars and LDAP, as shown in Figure S1 in supporting information (represented by glucose in Scheme 1). Moreover, the supramolecular chirality of LDAP assemblies was inversed from right-handed (P) fibers to left-handed (M) with the addition of sucrose (Scheme 1). This technique of visually recognizing sucrose along with regulation of supramolecular chirality triggered by simple sugars may provide a generalized strategy which will have great potential for amino acid or peptide-based supramolecular chiral gelators in the field of sugar sensors [22, 23] and medical diagnostics.
Experimental Section
Materials 1,4-Benzenedicarbonyl dichloride (98%), l-phenylalanine methyl ester hydrochloride (97%), diaminopyridine (DAP), glucose, sucrose, maltose, galactose, fructose were purchased by Tansoole company Shanghai, China.
Synthesis
LPF was synthesized as previously reported method [24] .
Gel Preparation
The LPF-DAP (1:1 molar) hydrogel is used as an example to explain the hydrogel preparation procedure. A 5 mL glass vial was used to suspend 2 mg of LPF and 0.5 mg DAP in 1 mL water as solvent. The mixture was subjected to gentle heating at 80-100 °C until gelator was completely dissolved, followed by spontaneous cooling at room temperature. Vial inversion method was used to confirm gel formation ( Figure  S1 in supporting information).
Morphological Characterization
Samples for scanning electron microscopy (SEM) were prepared by diluting the gels up to 0.03 wt%, dropped on a silicon wafer, air dried, sprayed with gold and imaged by using FEI Quanta 250 scanning electron microscope.
Structural Characterization
Circular dichroism (CD) spectra of assemblies were recorded using a JASCO J-815 CD spectrometer operated at a bandwidth of 0.5 nm covering the wavelength range of 190-600 nm. 0.1 mm cuvette was used to determine CD at molar ratio of 1:1 for all samples while to check the selectivity of sucrose by LDAP system, 1:0.05-1:10 mM for LDAP and sucrose concentration was used. The total gelator concentration was 0.2 wt%. 
UV-Vis Experiments
UV-Vis absorbance spectra of assemblies were recorded using Evolution 201 UV-Vis spectrophotometer operated at a bandwidth of 0.5 nm, covering the wavelength range of 190-600 nm. A 0.1-mm cuvette was used to determine UV-Vis spectra at a molar ratio of 1:1 for LDAP-sugar concentration.
Fluorescence Experiments
LS 55 instrument was used to carry out the fluorescence studies with excitation wavelength (λ ex ) of 263 nm and a scan speed of 400 nm min −1 , covering the wavelength range of 190-600 nm. A 0.1-mm cuvette was used to determine FL spectra at a molar ratio of 1:1 for LDAPsugar concentration.
Contact Angle Measurements
Contact angle measurement system Powereach JC2000D2 instrument was used to measure the contact angles (CAs) at ambient atmosphere and temperature. The gel was dropped on a glass plate, air-dried and a water drop was made on the dried sample. Images of water drop were recorded by a camera, with analyzation from the software supplied by the manufacturer. Ten different points were measured for each sample.
FTIR Experiments
Fourier transform infrared spectroscopy (FTIR) of xerogels was performed using Thermo scientific FTIR spectrophotometer with KBr pellet method over the frequency range of 400-4000 cm −1 . 16 scans were performed for each sample with a resolution of 4 cm −1 .
Results and Discussion
In this study, a chiral co-assembled hydrogel strategy focused on the molecular recognition ability of LDAP having amino terminus group, for sucrose, possessing hydroxyl groups is investigated. To demonstrate the recognition of sucrose by the self-assembly of LDAP (LDAP-S), self-supporting and homogenous hydrogels were formed for a variety of molar ratios of sucrose ranging from 0.05 to 7 mM, while glucose (representing four other simple sugars tested) couldn't form gel (LDAP-G). Moreover, a phenomenon of supramolecular chirality inversion observed in sugar-based co-assemblies as compared to the supramolecular chirality of the corresponding individual components.
SEM Studies
In order to investigate the nanoscale morphological features of the self-assemblies, scanning electron microscopy (SEM) experiments of the xerogels was conducted. Figure 1 shows the SEM images of LPF, LPF-G, LPF-S, LDAP, LDAP-G and LDAP-S. Supramolecular chirality of obvious left-handed nanofibers was observed in LPF hydrogels with an average diameter of 150 nm and helical pitch of around 1.3 µm ( Fig. 1a ). Remarkably, for LPF-G, and LPF-S unexpected right-handed helical nanofibers obtained with the twist diameter of 120-150 nm and pitch falling in the range of 0.10-0.25 µm (Fig. 1b, c) [25] . LDAP assembled into right-handed twisted nanofibers with the twist diameter and pitch ranging from 200 to 300 nm and 1.0 to 1.1 µm, respectively ( Fig. 1d ). Highly twisted and intertwined fibers of LDAP-S resulted in higher twist pitch and higher diameter in comparison to fibers obtained by LDAP-G. LDAP-G showed left-handed fibers of pitch around 0.8-1 µm with diameter of about 150-200 nm (Fig. 1e ). These fibers were changed to less twisted big nanofibers upon addition of sucrose with diameter in the range of 270-300 nm and twist pitch of about 5-6 µm (Fig. 1f ). These results indicated that the nanoscale twists of opposite handedness generated by the LDAP-S caused sucrose recognition by LDAP system. The SEM images show that the handedness of the co-assembled structures can be switched by adding sugars. This inversion of chirality upon addition of sugars can be mainly attributed to the hydrogen bonding interactions between OH group of sugars and COOH/NH2 group of LPF/LDAP respectively.
CD Activity of Co-assembled Hydrogels
Circular dichroism (CD) spectra were employed for further characterization of the nanoscale chirality. As shown in Fig. 2 , the hydrogel of LPF demonstrated negative cotton effects at 219 nm and 257 nm. LDAP exhibited inversion of chirality with a small negative cotton effect at 218 nm and a broad positive peak at 262 nm. By adding the selected sugars to the LPF or LDAP, inversion in chirality was observed which is in accordance with the SEM images and due to non-covalent interactions. Herein, glucose representing four other sugars tested showed a negative peak at 220 nm and a positive peak at 252 nm for LPF-sugar co-assemblies. While in the case of LDAP-sugar co-assemblies, one positive peak appeared at 216 and a negative peak at 255 nm [26] .
In complement to SEM images, the spectra of the samples by adding sugars were found to be equal and opposite thus an apparent chirality inversion occurred from LPF to LDAP. However, for the same concentration used in the co-gel system, there was no characteristic peak in the CD spectrum of glucose, sucrose, DAP, DAP-glucose, and DAP-sucrose ( Figure S2 in supporting information). Since the aminopyridine host is achiral but chromophoric and sugar is chiral but non-chromophoric, only their complex is (induced) CD active [27] . An interesting phenomenon was observed with the addition of sucrose to LDAP sol, i.e. LDAP-S hydrogel, which showed one positive cotton effect at 218 nm and a negative cotton effect at 265 nm with a redshift in signals attributed to higher interactions among co-assembly [18] . However, LDAP-G behaved more or less like LPF, and there was no redshift in the spectrum except the inversion in comparison to LDAP observed, which can be attributed to the lesser affinity of glucose to LDAP system.
Insight to Sucrose-LDAP Interaction with Spectroscopy
The UV-Vis and FL spectra of assemblies give further information about stacking mode of nanostructures. In spite of the high solubility of LDAP in water, the addition of sucrose lead to a gel that contains self-assembled left-handed twisted nanofibers of LDAP-S (Fig. 1f ). LDAP in water at a concentration of 10 µg/mL exhibits two absorption peaks at 241 and 330 nm and a fluorescence maximum of 389 nm (Fig. 3a, b) . Upon the addition of sucrose solution, unequivocal changes to both the UV-Vis absorbance and the fluorescence spectra can be clearly observed. The UV-Vis spectra LDAP-S show peaks at 244 and 332 nm exhibiting bathochromic shift in peaks of LDAP by adding sucrose. The strong dependency of the absorption on the sucrose concentration indicates the interaction of LDAP with sucrose and the redshift can be attributed to the π-π stacking mode of co-assembly [28] . It should be noted here that this behavior is unlikely to be the result of altered sugars only, as for example, the addition of glucose to LDAP led to the absorption at same peaks of 241 and 330 nm, which was explained by lesser interactions between glucose and LDAP (Fig. 3a) . There was no characteristic change in UV-Vis of LPF and co sugar systems as illustrated by Figure S3 in supporting information.
Complementing the UV-Vis results are fluorescence studies, which revealed bathochromic fluorescence peak at 392 nm (attributed to LDAP), and two new peaks at 487 and 528 nm upon addition of sucrose to LDAP. The addition of glucose has no significant change in fluorescence except the decrease in intensity, which can be ascribed to the changes in the microenvironment. Usually, a sign of increased hydrophilicity ( Figure S5 e in supporting information) and hydrogen bonding, results in a decline in fluorescence intensity (Fig. 3b ) and this bathochromic shift with a decrease in intensity is also indicative of potential aggregation [29] . Addition of other sugars, including closely competitive glucose, fructose, maltose, and galactose did not show a significant fluorescence change ( Figure S4 in supporting information).
Selective Binding Tests
We studied the selectivity of the LDAP towards sucrose by evaluating its interaction with selected sugars (glucose, galactose, maltose and fructose). These selected sugars (1.5 mM each) were dissolved in 10 µg of LDAP mL −1 of water. The CD and fluorescence spectra of the co-assembled LDAP after dissolution with different sugars and varied concentration of sucrose are shown in Fig. 4a, b respectively. CD cotton effect of LDAP (B in Fig. 4a ) is inverted after adding four selected sugars namely glucose, galactose, maltose and fructose, but the peak intensity is very low and not very clear. However, by adding sucrose resulted in good peak inversion compared to LDAP (containing mixture of selected sugars), and there's a decrease in the peak intensity with further increase in the concentration of sucrose as a result of selective binding of sucrose causing aggregation [30] .
Similarly, the fluorescence intensity of LDAP (Fig. 4b) is reduced in the presence of the four selected sugars comparing to the spectrum obtained after the LDAP alone reflecting the binding of sugars other than sucrose by the LDAP. Interestingly, the fluorescence intensity is decreased, and two new bumps appeared when sucrose was added into the LDAP containing other sugars (see traces C-F in Fig. 4b ). The data apparently suggest the ability of the LDAP to discriminate sucrose from other sugars and the possibility of using the LDAP for the detection of sucrose in aqueous media. This bathochromic shift of CD peak and hypochromic shift with the appearance of clear new FL peaks by adding sucrose into LDAP in the presence of other sugars confirmed the good selectivity ( Fig. 4 ).
Contact Angle Measurement
To further support the higher affinity and gelation of LDAP with sucrose than glucose, herein, the hydrophilicity evaluation [31] as detected by contact angle measurements was made, and the results for LPF, LG, LS, LDAP, LDAP-G and LDAP-S xerogel films are shown in Figure S5 in supporting information. As shown in Figure S4 in supporting information, the Figure S5b, c) . By comparison, the film formed by LDAP was hydrophilic with CA 43 ± 1° ( Figure S5d) . Interestingly, the LDAP film becomes hydrophilic by immersing in glucose with CA (41 ± 3°), and higher hydrophilicity was observed for LDAP immersed in sucrose with CA 33 ± 2° ( Figure S5e, f) . Remarkably, the addition of sucrose into LDAP film selectively produced a hydrophilic film showing stronger bonding and smoother surface which is in accordance with the higher interactions of sucrose with LDAP supporting the visual recognition of sucrose [32] [33] [34] .
FTIR
To investigate the gel behaviors and the valuable underlying information about the molecular-level interactions of the coassembly process, FTIR spectroscopy was used to characterize molecular structures and supramolecular assemblies (Fig. 5 ). The xerogel of LPF showed characteristic stretching vibration bands of C=O from carboxyl groups at 1740 cm −1 which become weaker in the hybrid material, i.e. LDAP because of non-covalent interactions with the carbonyl group of LPF. Furthermore, LDAP shows a characteristic N-H stretching vibration peak (amide I band) at 3443 cm −1 , an amide II at 1643 cm −1 , and amide III band at 1542 cm −1 [35] , which suggests that the amide-amide H-bonds were not disturbed. Furthermore, upon co-assembly with glucose and sucrose, the amide II peak at 3421 and 3317 cm −1 is shifted from higher wavenumber (3443 cm −1 ) respectively, which means that the amide groups of gelators and the -OH groups of sugars are involved in the H-bonds.
In compliment with other results, the peak shift is very high ~ 100 cm −1 for the case of sucrose binding in the LDAP system, elucidating the multiple hydrogen bonding interactions and selectivity for sucrose. The observation implied that well-developed amide hydrogen bonds networks formed in the nanofibers, which can also be confirmed by amide I, and amide II bands, appearing at around 1643 and 1542 cm −1, respectively. Herein, FTIR suggests that a good balance of the polar (hydrogen bonding and solvation) and apolar (π-π stacking or hydrophobic) interactions (Fig. 3)   Fig. 4 Selective binding studies by a CD and b Fluorescence spectra of; LDAP (A) and in the presence of 1.5 mM each of glucose, maltose, galactose and fructose (B). With the addition of varied concentration of d-sucrose, the fluorescence intensity is reduced propor-tionally, indicating binding of sucrose with LDAP (C-F). The concentration of LPF in all samples was 4 µM, and the molar ratio of LPF to DAP in co-assembled hydrogels was 1:1 mM 
Conclusions
In summary, a visual recognition towards sucrose is discovered by the employment of the chiral co-assembled strategy with the indicative sol-to-gel-transformation. The mixture "LDAP" [containing chiral gelator (LPF) and achiral molecule (DAP)] can transfer from solution to stable hydrogel by loading sucrose. H-bonding between the amino group of LDAP and the hydroxyl group of sucrose facilitates the supramolecular co-assembly to gelation. CD spectra showed the amplified inversion in the optical signals of the sucrose triggered gel as compared to the corresponding LDAP solution; meanwhile, a bathochromic shift of the CD signals is accompanied by the addition of sucrose. Such chiral co-assembled strategy can be valuable and potentially useful on the subject of visual discrimination of sucrose for further application of smart gelators in saccharides separation and cell imaging.
